Introduction
Lectins are mono-or multivalent proteins that agglutinate erythrocytes via binding to specific carbohydrate moieties on cell surfaces [1] . According to their structures and functions, lectins are classified as calnexin, C-, L-, P-, I-, R-, and S-type lectins [2] . The C-type lectin family is one of the major groups of lectin and has been well-studied in both vertebrates and invertebrates [1] . All the C-type lectins share the same structural features such as CRD sequences, disulfidebond positions, and calcium binding sites [3] . Because of the sequence variations in CRD, lectins could bind different sugars such as mannose [4] , galactose [1], rhamnose [1] , GlcNAc and GalNAc [5, 6] . In addition to inhibition by sugars, animal lectins are also susceptible to heat and pH [1, 7] .
Lectins, with their unique ability to recognize specific patterns of carbohydrate ligands, are important pattern-recognition molecules in the immune system. C-type lectins are important components in the immune defense system of invertebrates through their involvement in the activation of proPO [8] , antibacterial activation [9, 10] , cell adhesion and aggregation [9] , and many other various biological responses. Furthermore, lectins can be induced by bacteria or by injury in a number of invertebrates [9] [10] [11] [12] [13] . Given such important functions, numerous investigations have been carried out on the characterization and function of lectins in cephalochordate [11] and in invertebrates [14] [15] [16] [17] .
However, investigations of lectins in the freshwater planarian remain very much limited at present [18, 19] .
Dugesia japonica, a freshwater planarian, has been traditionally used in regenerative [20] [21] [22] , developmental biology [22] [23] [24] , toxicological [25] [26] [27] and neuroscience research [28, 29] . In contrast, only a few papers have reported immunological research with this evolutionarily important animal [30, 31] . In this paper, a C-type lectin was purified from the humoral fluids of D. japonica by affinity chromatography. The serological and chemical characteristics, bacterial-binding properties, and induction of this novel lectin by bacteria and injury were also studied. It might provide a better understanding on the significance of lectins in innate immune of freshwater planarians.
Experimental Procedures

Animals and chemicals
Freshwater planarians with an average body length of about 10-20 mm and body width of about 3-5 mm were collected from a fountain in Quanhetou, Boshan, China. They were reared in autoclaved tap water at 20°C and fed on boiled egg yolk one time per day. The water was aerated continuously and changed every two days.
Ethylenediamine tetraacetic acid (EDTA), ethyleneglycol-bis (baminoethyl ether)-N,N,N9,N9-tetraacetic acid (EGTA), bovine serum albumin (BSA) were purchased from Sigma (St Louis, MO), sucrose, maltose, D-galactose and D-glucose from Amersco (Solon, OH), and D-mannose from Biochemical Co. (Shanghai). Amylose-agarose gel FF column (2.7x0.7 cm, 1ml) was procured from Weishi Bohui Chromatograph Science and Technology Co. (Peking, China). All the other chemicals used were analytical reagents.
Preparation of crude homogenates and protein content
About 200 planarians were rinsed with distilled water, wiped thoroughly with sterilized gauze, and then put into mortar on ice to bleed. After centrifugation at 10000xg for 30 min at 4°C, the supernatant was collected and stored at -20°C until used. The protein concentration was determined by the method of Bradford [32] with bovine serum albumin as standard.
Hemagglutinating activity and carbohydrate specificity
Hemagglutinating activity (HA) was assessed in microtiter plates according to Wang et al. [11] 
Purification of lectin
AKTA-FPLC-fast protein liquid chromatography system was used. Lectin was purified by affinity chromatography using an amylose-agarose gel FF column (2.7x0.7 cm, 1 ml), which had been previously equilibrated with 0.2 M PBS (pH 7.4). The crude homogenate containing about 5 mg protein was loaded on the column. Then the unbound crude homogenate components were removed from the column by washing with 0.2 M PBS (pH 7.4), until the absorbance of the effluent at 280 nm was almost zero. Subsequently, the lectin bound to the affinity matrix was eluted with 0.4 M amylose solution in 0.2 M PBS (pH 7.4). The fractions which showed absorbance at 280 nm, were collected. The fractions containing hemagglutinating (HA) activity were pooled and stored at -20°C until use. All the chromatographic procedures were performed at a steady flow rate of 0.2 ml/min at room temperature (RT).
Polyacrylamide gel electrophoresis
Native polyacrylamide gel electrophoresis (PAGE) was conducted on a 10% separation gel with a 5% spacer gel using the buffer system of Davis (1964) [34] . About 16 μg protein was loaded on the gels. After electrophoresis, the total proteins were stained with Coomassie brilliant blue R-250. To test the presence of carbohydrate components, the gels were stained using periodic acid/Schiff reagent [35] .
SDS-PAGE of the purified sample was performed as described by Laemmli [36] , using 10% polyacrylamide as the separating gel and 5% polyacrylamide as the stacking gel. The molecular weight of the purified lectin was determined by SDS-PAGE. Reduction of the purified sample, about 16 μg protein, was performed by heating at 100°C for 5 min in the sample buffer containing 2% SDS and 5% β-mercaptoethanol. The gel was stained with 0.1% Coomassie brilliant blue R-250 to reveal the total proteins in the crude homogenate and isolated lectin.
Effect of pH and temperature
The pH dependence of the lectin was determined by preincubating the purified samples with buffers of different pH, either 0.05 M sodium phosphate/ HCl (pH 3-8) or 0.05 M glycine/NaOH (pH 9-13) for 2 h at RT. Hemagglutination activity of samples was checked using a 2% suspension of rabbit RBCs. The lectin solution in 0.05 M PBS (pH 7.4) was incubated for 10 min in a water bath at various temperatures (4°C, 10°C, 20°C, 30°C, 40°C, 50°C, 60°C, 80°C), respectively. Hemagglutination activity against 2% rabbit erythrocyte suspension was measured as described above.
EDTA, EGTA and β-mercaptoethanol treatment
The effect of calcium chelating agents, EDTA and EGTA, on hemagglutination activity was assayed by mixing 25 μl of two-fold serially diluted 100 mM EDTA or EGTA with 25 μl of the purified lectin. After incubation for 1 h at room temperature, hemagglutination activity against 2% rabbit erythrocyte suspension was scored.
The effect of β-mercaptoethanol (β-ME) on hemagglutination activity was assayed by adding 12.5 μl of the purified lectin serially diluted 2-fold using PBS (pH 7.4) to 12.5 μl of 140 mM β-ME. After incubation for 30 min at 37°C, 25 μl of 2% rabbit erythrocyte suspension was added into each well. Hemagglutination activity was determined following incubation for 1 h at room temperature.
Preparation of bacteria
The bacteria Escherichia coli, Proteus vulgaris, Enterobacter aerogenes, Staphylococcus aureus, Bacillus subtilis and Corynebacterium pekinense were cultured in 200 ml of tryptic soy broth (TSB; Difco) supplemented with 2% NaCl for 24 h at 30°C, and were then harvested by centrifugation at 5000xg for 20 min at 4°C. The bacterial pellets were re-suspended in 0.85% NaCl saline at 10 9 cells/ml respectively, and used for agglutination and challenge experiments.
Agglutination of bacteria
Different bacteria including E. coli, P. vulgaris, E. aerogenes, S. aureus, B. subtilis and C. pekinense were suspended in 0.85% NaCl saline at 10 2 cells/ml. Twenty five microlitres of the solution were added to 25 μl purified lectin or PBS as a control. Following incubation for 1 h at RT, agglutination activity was examined under a light microscope.
Induction by bacteria and injury
A total of 1000 planarians were reared at room temperature in two 10-liter glass containers (500 each in 1-liter of sterilized water), each of which contained 1-liter sterilized water with 10 7 cells/ml of E. coli or S. aureus. For control, 500 planarians were similarly cultured in one 10-liter glass container, which contained 1-liter sterilized water without the bacteria. At different intervals (1, 5, 9, 12, 24, 36, 48, 60 and 72 h) after bacterial challenge, 50 planarians were taken from the challenge and control containers, rinsed with distilled water, and wiped thoroughly with sterilized gauze. Crude homogenates were prepared and purified by affinity chromatography as above. Hemagglutination activity against rabbit erythrocytes was also assayed as described above.
Four hundred planarians were cut with a razor blade, and then left to regenerate at 20°C. For control, 400 planarians were similarly cultured in one container without injury. At different intervals (0, 1, 2, 3, 4, 5, 6 and 7 days) after cutting, 50 planarians were taken from the injury and control containers, rinsed with distilled water, and wiped thoroughly with sterilized gauze. Crude homogenates were prepared and purified by affinity chromatography as above. Hemagglutination activity against rabbit erythrocytes was also assayed as described above.
Data analysis
All experiments were performed in triplicate. Data were analyzed statistically by one-way analysis of variance (ANOVA) using Turkey's HSD to identify differences between the experimental and control groups, and expressed as the mean ± standard error. Differences at P<0.05 were considered statistically significant.
Results
Hemagglutination activity and carbohydrate specificity
The protein concentration of planarian crude homogenates was, on average, 2.106±0.63 mg/ml. The crude homogenates showed agglutinating activity against all types of erythrocytes tested, human A, B and O, rabbit, chick, grass carp and toad. The HA activity of planarian crude homogenates against different erythrocytes is given in Table 1 . The titer was 16 for human A, B, O, and 8 for toad. Rabbit erythrocytes possessed the highest titer from all cells derived from different animals including human (Table 1) . Table 2 summarizes the inhibitory effect of various sugars on the hemagglutinating activity of planarian crude homogenates. Among those tested, the most potent inhibitor was maltose requiring only 50 mM for complete inhibition of hemagglutination. D-Galactose was a moderate inhibitor, requiring 100 mM for inhibition. Sucrose and D-Glucose were poor inhibitors, being required at much higher concentrations (200 mM) for inhibition. However, D-mannose had little inhibitory effects on hemagglutination even at a concentration of 400 mM (Table 2) . Figure 1 shows the typical elution profile of lectin isolated from 1 ml of planarian crude homogenate after passing over an amylose-agarose gel FF column. Hemagglutinating activity was detectable in fraction numbers 5-13, which coincided with the prominent peak of proteins from the column. From these fractions, fraction numbers 6-12, i.e. those that were found to contain the highest amount of hemagglutinating activity, were pooled and concentrated.
Purification of lectin
Native PAGE of the purified protein revealed a single band with an estimated molecular mass of approximately 350 kDa with hemagglutinating activity (Figure 2A) . When subjected to reducing SDS-PAGE followed by Coomassie brilliant blue staining, a major band with a molecular mass of 56 kDa was revealed ( Figure 2B ). The purified protein resolved in native PAGE stained positive for carbohydrate (Figure 2A) , thus establishing the protein as a glycoprotein. 
Biochemical characterization of the lectin
We examined the effect of pH on the agglutination of erythrocytes by the purified lectin. HA activity was observed between pH 3 and 10 ( Table 3 ). The HA activity of the crude homogenates remained stable and highest in the pH range from 5 to 8, but it decreased to one quarter of the initial value at a pH above 9 or below 4, and became totally inactive at pH above 10 or below 3 (Table 3 ). The hemagglutinating activity of the purified lectin was fully preserved after heating to 4°C, 10°C, 20°C, 30°C, 40°C for 10 min. However, the hemagglutinating activity of the purified lectin began to decrease above 40°C. It was lost completely after heating to 80°C for 10 min (Table 3 ).
The hemagglutinating activity of the purified lectin was not affected by treatment with 140 mM β-ME, while it was decreased by treatment with 100 mM EDTA and EGTA (Figure 3) . Therefore, hemagglutination activity of the purified lectin in planarians is Ca 2+ -dependent. 
Agglutination of bacteria by the lectin
To test the characteristics of binding to microorganisms, we investigated agglutination of bacteria by the purified lectin. When the purified lectin was incubated with E. coli, and B. subtilis, large aggregates of bacteria were observed ( Figure 4B,D) and the agglutination titer is 2 6 and 2 5 , respectively, but P. vulgaris, E. aerogenes, S. aureus or C. pekinense could not display obvious aggregates.
Induction of agglutination activity by bacteria and injury
The haemagglutinating activities against rabbit erythrocytes by the purified lectin from planarians challenged with E. coli and S. aureus were significantly (P<0.05) increased at 9 h until 72 h (Table 4) . The time course studies on the changes in the haemagglutinating activities of the purified lectin from D. japonica following challenge with E. coli and S. aureus have revealed a temporal difference in the induction kinetics between the two microbes used. The haemagglutinating activities against rabbit erythrocytes rose rapidly and increased constantly in response to challenge with E. coli and S. aureus (Table 4) . The time course studies on the changes in hemagglutinating activity by the purified lectin of planarians after injury have revealed temporal induction kinetics. After induced by injury, hemagglutinating activity against rabbit erythrocytes rose rapidly in response to injury and maximizes at 3 days post-induced (Table 4) .
Discussion
In recent years, many lectins from invertebrates have been identified and their role in innate immune response classified. These lectins have been demonstrated to play key roles in various immune events, from cytotoxic effects to antibacterial activity [37, 38] . However, studies of lectins in planarians are still limited compared with other invertebrates. Only the lectins (26 kDa and 30 kDa) in the body surface mucus of planaria Dugesia japonica were studied by biochemical methods [18] , and the C-type lectin-like gene in planaria Girardia tigrina has been studied by molecular biology methods [19] . In this study, we found the crude homogenate of D. japonica showed high lectin activity (2 7 ) towards rabbit erythrocytes. The inhibition of HA by maltose suggested the presence of a maltose-binding lectin; this result encouraged us to evaluate the use of affinity chromatography to purify the lectin. Here, a lectin from the crude homogenates of planarian D. japonica was purified by affinity chromatography. The molecular mass appears that the planarian lectin is a hexamer. Analysis of the lectin on SDS-PAGE gave only one band at apparent molecular mass of 56 kDa. It is different from the molecular masses of lectins (26 kDa and 30 kDa) in the body surface mucus of planaria, Dugesia japonica [18] . These results suggest that there may be more than one lectin in D. japonica.
The agglutinin appeared to be a C-type agglutinin, as Ca 2+ is required for its HA activity and it was sensitive to EDTA and EGTA [39] . So the lectin activity of the purified lectin from the crude homogenates of planarian D. japonica is Ca 2+ -dependent. It is similar to lectins (C-type) in the body surface mucus of D. japonica [18] . Also, the majority of invertebrate lectins are C-type lectins [14, 17, [40] [41] [42] [43] [44] , which require calcium for their agglutinating activity. However, it differs from D-galactoside-specific lectins in amphioxus [11] , lectins in the shrimp Litopenaeus schmitti [45] and lectins in the sea cucumber [12] .
The optimum pH for the purified lectin activity of planarians was from pH 5 to 8, similar to that of the shrimp [46] and manila clam [17] . Also, the lectin activity of the purified lectin is heat-labile as is that of amphioxus [11] , manila clam [17] and feather star [6] . Therefore, the optimum pH and heat stability for lectins from different phyla of animals are similar.
Lectins are the most likely candidates for recognizing foreign material in invertebrates, due to their high specificity for carbohydrates [47] . They are involved in microorganism recognition by the binding of hemolymph agglutinins, and many reports have studied the specificity of crustacean lectins towards different bacteria. We found the purified lectin was able to recognize several bacterial species, such as E. coli, and B. subtilis. These results suggest that the purified lectin is able to recognize a variety of antigens and function as a recognition molecule to promote an immune response.
Induction of lectins by administration of antigen or by injury has been observed in a number of invertebrates [9, 10, 48] . But whether the purified lectin can be induced in D. japonica by bacteria or injury is not clear. Here, we show that agglutinating activity of the purified lectin increased from the crude homogenates of injury and bacteria-induced planarias. These results show that the lectin may participate in regeneration and anti-bacterial processes. Meanwhile, this also demonstrates that the lectin plays an important role in various immune events [11, 10] . It is interesting to note that challenge with E. coli causes an earlier and stronger induction of the haemagglutinating activities than challenge with S. aureus. The reasons for this, whether a result of the different structures of the bacteria or because of a different induction mechanism by the lectin, merits further study.
